The de novo design 1 of proteins has progressed to the level where one can design complex target folds with nativelike properties. Incorporation of metal-based cofactors is an important requirement toward making these systems functional. [2] [3] [4] [5] [6] We have utilized amphiphilic peptide sequences (15-to 17-mers) , 2 where a central histidine provides ligation to a heme, [Fe III (coproporphyrin-I)] + , and the hydrophobic effect is used to optimize heme-peptide complex stability. In previous work, 2 we examined the effect of these hydrophobic residues and discovered that noncoordinating hydrophobic residues flanking a central histidine stabilized complexation by as much as 4.5 kcal/mol. We have now incorporated disulfide bridges between amphiphilic peptides to make hairpin and even cyclic peptides that bind heme extremely well, roughly 5 × 10 6 times more strongly than histidine itself. These are minimalist analogues of the b-type cytochromes.
Disulfide bridges are ubiquitous structural elements in proteins; they stabilize and help determine the structure of many proteins. 7, 8 The use of disulfide linkages to induce turns in peptide structures, however, is nearly unexplored 9 and has not been previously successful for iron porphyrin complexes. 5b We have incorporated disulfide bridges at the termini of two de novo designed, porphyrin binding peptides, 10 LP-AA-A and LP-FF-A, using solid-phase synthesis and selective, stepwise disulfide formation in solution. 11 The resulting sequences ( Figure 1 ) were designed to form hairpin 12a structures ( Figure 1a ; one disulfide bridge; HP-AA, where alanine residues make the primary contact with the heme) and cyclic 12b structures (Figure 1b ; two disulfide bridges; CP-AA). A second series of peptides (abbreviated with -FF-using Phe in place of Ala at residues 4, 5, 11, and 12) were synthesized to probe the importance of a hydrophobic effect 13 in these systems.
Binding affinities were determined by spectrophotometric titration 2, 14 and are presented in Table 1 . Despite the different stoichiometries 15 for binding the hairpin or cyclic peptides as compared to the 15-mers or simple imidazoles, it is possible to compare binding properties if we choose a fixed peptide concentration. At 2.7 µM, one-half of the [Fe III (coproporphyrin-I)] + will be bound to CP-FF. As shown in Table 1 and Figure 2 , the ratio of free heme to peptide-bound heme at 2.7 µM peptide concentration decreases slightly for the matching hairpin peptide, HP-FF. Replacement of the phenylalanine residues in putative contact with the heme face by alanine decreases binding 6-fold. The overwhelming importance of the preorganization of the two binding sites is dramatically shown by the 6000-fold decrease in the free to bound heme ratio for LP-FF-A when compared at 2.7 µM. The hydrophobicity of the peptides is also a significant component of heme binding; there is a nearly 1000-fold further decrease in the free/ bound ratio for histidine itself.
The effect of heme ligation on the secondary structure of these peptides has been examined using UV circular dichroism (Table 1 and Supporting Information). Complete helicity (∼90%) is observed for the cyclic peptides in the presence of the porphyrin. These data emphasize that the heme plays an important role in heme protein structure and stability, in addition to its diverse functions at the active site. The CP-XX systems possess a tertiary coiled-coil struc-* To whom correspondence should be addressed. E-mail: ksuslick@uiuc.edu. 10 Energy minimized using Insight and Discover (MSI) with the ESFF force-field. Hydrophobic residues, magenta; polar residues, gray; histidine, green; cysteine, yellow; porphyrin, red. a Association constants for ligation of peptide to porphyrin. b Calculated ratio of free to peptide-ligated heme at the half-saturation concentration of the cyclic peptide complex, CP-FF (2.7 µM). 5.4 µM was used for single His peptides. c Molar ellipticity of peptide (1-20 µM, pH 7.0, 2 mM KH2PO4, 2°C) in the absence of heme. d Helicity of the apo peptide. % helix ) (θobs/θmax) × 10 2 , where θmax ) 40 000(1-2.5/n), and n is the number of residues. 17 e Molar ellipticity after saturation with heme. f Helicity in the presence of heme. ture, as shown by the ratio 18 of θ 222 /θ 208 , which is ∼1.0. As with a leucine-zipper, 19 our cyclic peptides are composed of two parallel helices.
NMR spectra of paramagnetic complexes of the peptides reveal an interesting contrast between the heme binding properties of the 15-mers and the cyclic peptides: the 15-mers are able to form a high-spin ferric complex, whereas the cyclic peptides do not, due to their preorganization of a second histidine. Figure 3 shows the 1 H NMR spectra of [Fe III (coproporphyrin-I)] + under three different conditions: no peptide added, partial complexation, and complete ligation. The spectrum of [Fe III (coproporphyrin-I)] + partially ligated to LP-AA-A is related to those of myoglobin or cytochrome-c peroxidase 20 in the met-aquo state (Fe III (porph)(H 2 O)(his) + ), with only one histidine coordinated to the iron ion. The high-spin (S ) 5 / 2 ) metal center causes significant paramagnetic shifting (δ ≈ 77 ppm) of residue side-chain protons close to the metal center ( Figure  3a ,ii). Only upon addition of a large excess of LP-AA-A are all of the high-spin components converted to the low-spin (S ) 1 / 2 ) species with two histidines coordinated, as shown by the absence of peaks with δ > 20 ppm (Figure 3a,iii) . In contrast, titration of [Fe III -(coproporphyrin-I)] + with the cyclic peptide CP-AA never shows side-chain resonances with δ > 20 ppm, meaning that no highspin species are ever present. In the cyclic peptides, both histidines bind forming an Fe III (porph)(his) 2 + low-spin complex, as confirmed by the 1 H NMR, UV-vis, EPR, and ESI-MS spectra. 15 Under conditions that ensure formation of Fe III (porph)(his) 2 + , there is little variation in the redox potentials of our peptide complexes in water. The E 1/2 of the Fe(coproporphyrin-I) complexes of the AA series peptides are all -220 ( 5 mV versus NHE and -245 ( 7 mV versus NHE for the FF series. For comparison, the E 1/2 of Fe(coproporphyrin-I)(his) 2 is -214 mV versus NHE. 2 The redox potentials of b-type cytochromes are extremely sensitive to preparation and local environment and range from roughly -200 to +400 mV; 21 multiple factors must contribute to this range, but their relative importance has yet to be established.
In conclusion, we have demonstrated the effective use of interpeptide disulfide bridges to produce hairpin-turn and cyclic peptides. The preorganization so created dramatically increases the binding of such peptides to heme. The disulfide bridges also result in a substantial increase in the helicity of the peptides, both before and after heme ligation. In the cyclic peptides, histidine binding to the metal center appears to be cooperative.
